Abstract. The present study aimed to investigate the effect of adenovirus-mediated urokinase-type plasminogen activator (uPA) transduction on uPA expression and fibrinolytic activity in human umbilical vein endothelial cells (HUVECs). Recombinant adenovirus vectors containing the human uPA gene were constructed and transduced into HUVECs. The expression and fibrinolytic activity of uPA was then assessed in HUVECs using western blot analysis, ELISA and colorimetric assay. The experiments were performed in three groups: The ad/uPa (n=3), ad/neg control (n=3) and blank control (n=3) groups. Western blot analysis revealed that uPA protein expression in the HUVECs in the ad/uPa group was significantly increased compared with those in the ad/neg control or blank groups (P<0.01). The uPA protein levels in the supernatant of the three groups were 379.40±2.46, 240.01±1.16 and 256.10±3.04 ng/l, respectively, showing that the uPA protein levels were significantly higher in the supernatant in the ad/uPa group compared with those in the ad/neg control or blank groups. uPA activity was determined using a colorimetric method and was found to be 40238.49±5755 IU/mg in the HUVECs in the ad/uPa group, which was significantly higher than that in the HUVECs in the ad/neg control (6180.03±942.38 IU/mg) or blank groups (3346.06±928.81 IU/mg) (both P<0.01). These findings suggested that transduction of the uPA gene increased uPA protein expression and fibrinolytic activity in HUVECs.
Introduction
Deep vein thrombosis (DVT) is a serious disease, which is prone to progress to post-thrombotic syndrome (PTS), phlegmasia cerulea dolens, phlegmasia alba dolens and pulmonary embolism (PE), which may lead to mortality if not treated properly. Retrospective studies have shown that patients with venous thromboembolism exhibit a high mortality rate between 5 and 23% worldwide (1) , which remains between 1 and 2% even with anticoagulant treatment (2) . It has been reported that one third of patients with DVT develop PTS (3) and 4-5% of patients with PE develop pulmonary hypertension (4) . DVT treatment is a clinical problem; however, urokinase is a venous thrombolytic drug that is commonly used in the clinical treatment of DVT. Urokinase-type plasminogen activator (uPA) is a second-generation fibrin-selective thrombolytic agent which is associated with a lower risk of bleeding than urokinase due to its high selectivity to fibrin (5) (6) (7) (8) . Adenovirus vectors are associated with a high efficiency of gene transfer and protein expression in a variety of cell types and are used in gene vaccines, gene therapy, tissue engineering and other studies, and are becoming one of the most widely used viral vectors. In the present study, the pAD/CMV/V5-DEST™ Gateway ® vector was used for the construction of the adenovirus-uPA vector. The vector was then transduced into human umbilical vein endothelial cells (HUVECs) to investigate the effect of exogenous uPA on uPA expression and fibrinolytic activity in HUVECs.
Materials and methods
uPA gene synthesis. In accordance with the sequencing results of the complete uPA gene sequence, single-strand oligos were designed and synthesized. The oligos were then spliced into a complete gene using reverse-transcription polymerase chain reaction (RT-PCR) and inserted into the pMD-18T vector (Takara Bio, Inc., Shiga, Japan) for transformation into the competent DH5α cells. The gene sequences in the recombinant clones were identified using DNA sequencing. Mutations in the gene sequences were repaired using overlapping PCR.
Construction of recombinant adenovirus vectors.
Construction of recombinant adenovirus vectors was performed using the Gateway ® Recombination Cloning system (Invitrogen Life Technologies, St. Louis, MO, USA) in a two-step process. The RT-PCR products of the complete uPA gene sequence were isolated and purified from the gel and digested using XhoI and SalI endonucleases to prepare the sequences for insertion into the pIRES2-EGFP vector (Takara Bio, Inc.) and the subsequent transformation into competent DH5α cells. Gene sequencing was used to verify the recombinant plasmid. The plasmid containing the gene sequences was puPA-IRES2-EGFP. It was then used as a template to amplify a uPA-IRES2-EGFP fragment containing restriction sites for attB1 and attB2. The following gene-specific primers were used: Forward, 5'-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CGC CAC CAT GAG AGC CCT GC-3' and reverse, 5'-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC TTA CTT GTA CAG CTC GTC CAT GC-3' . The PCR product size was 2,600 bp.
The gene of interest was cloned into the entry vector pDONR221 using BP Clonase™ (Invitrogen Life Technologies). To produce the expression clone, the gene of interest from pDONR221 was subcloned into a destination vector pAD/CMV/V5-DEST containing the sequence information necessary for expression using the LR Reaction (Invitrogen Life Technologies). The recombinant plasmid was then verified by gene sequencing using the nr database and blastn program (http://www.ncbi.nlm.nih.gov; version 2.2.10). Comparision and analysis of the detected sequences were then performed.
Preparation and purification of the adenovirus and determination of the viral titer. The recombinant plasmid was digested using the PacI endonuclease and purified using a phenol-chloroform extraction method. The purity and concentration of the purified digestion product was determined using an ultraviolet spectrophotometer prior to being transduced into HUVECs (Shanghai Fuchun Zhongnan Biotechnology Co., Ltd., Shanghai, China) using Lipofectamine ® 2000 (Invitrogen Life Technologies) according to the manufacturer's instructions. The adenovirus was released from the cells using repeated freeze-thawing and collected by centrifugation. The viral solution was amplified primarily and the viral titer was assessed using immunization.
Determination of the optimal multiplicity of infection (MOI).
Subsequent to adenovirus transduction, HUVECs were observed every 24 h and images were captured. The MOI that caused the highest transduction efficiency and the least cell damage was used for HUVEC transduction in the subsequent experiments. At 72 h after transduction, HUVECs were harvested for quantitative (q)PCR and western blot analyses. RNA was extracted by the TRIzol method (Invitrogen Life Technologies).
qPCR analysis. The qPCR reaction conditions were as follows: 95˚C for 2 min followed by 40 cycles of 95˚C for 10 sec, 60˚C for 20 sec and 72˚C for 30 sec then 72˚C for 10 min and 70 cycles beginning at 60˚C and increasing by 0.5˚C every 30 sec, following which the temperature was increased to 95˚C.
uPA mRNA expression was detected using qPCR analysis. Relative quantification was calculated using the 2 -ΔΔCt method [ΔΔCt=(Ct Target -Ct Actin ) Test -(Ct Target -Ct Actin ) Calibrator ]. β-actin was used as an internal control. 1-2 -ΔΔCt was considered to be the silencing efficiency of the target gene. The gene-specific uPA primer pair was as follows: Forward, 5'-CTA CTA CGG CTC TGA AGT CAC CAC-3' and reverse, 5'-GTA GAC GCC TGG CTT GTC CT-3' .
Detection of uPA protein expression. Cells were harvested and uPA protein expression was detected using western blot analysis (9) . The supernatant of each group was collected to determine uPA concentration using ELISA.
Detection of uPA activity using colorimetric assay. The supernatants from the three HUVEC groups were immediately placed into the microplate reader in order to detect uPA activity using the spectrophotometer.
Statistical analysis. All data are presented as the mean ± standard deviation and were analyzed using SAS v8.0 software (Statistical Analysis System Institute Inc., Cary, NC, USA). Comparisons between groups were performed using analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results

Identification of the adenovirus expression vector.
The constructed expression vector was identified using DNA sequencing with an automatic sequencer ( Fig. 1A and B) . As verified using the basic local alignment search tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi), the inserted sequence in the positive recombinant plasmid demonstrated complete homology to the human uPA cDNA sequence in the NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/) (Fig. 2) . The viral titer obtained was 5.74x10 10 ifu/ml following amplification. Thus, the adenovirus gene expression vector was constructed correctly and the virus was assembled successfully.
uPA mRNA expression in the transduced HUVECs. Following transduction with the adenovirus gene expression vector, HUVECs were harvested for uPA mRNA expression detection using qPCR analysis. The relative expression of uPA mRNA in the HUVECs in the ad/uPa group was significantly higher than that in the HUVECs in the ad/neg or control groups (both P<0.01; Table I ). uPA protein expression in the transduced HUVECs. uPA protein expression was analyzed in the HUVECs and the HUVEC supernatant following transduction with the adenovirus gene expression vector using western blot analysis (Fig. 3) and ELISA (Fig. 4) , respectively. Anti-Myc antibodies were used to detect the expression of uPA as the uPA expression vector contained a Myc tag. Western blot analysis revealed that uPA expression in the HUVECs transfected with the adenovirus gene expression vector (MOI: 800) was significantly higher than that in the HUVECs transfected with negative vector or in the blank control HUVECs. The uPA concentration in the supernatant of the ad/uPa group was 379.40±2.46 ng/l, which was significantly higher than that in the ad/neg (240.01±1.16 ng/l) or blank control (256.1024±3.04 ng/l) groups (P<0.01; Fig. 4 ).
uPA activity in the transduced HUVECs. uPA activity in the HUVECs in the ad/uPa group (40238.49±5755 IU/mg) was found to be significantly increased compared with that in the HUVECs in the ad/neg (6180.03±942.38 IU/mg) or control (3346.06±928.81 IU/mg) groups (P<0.01; Fig. 5 ).
Discussion
DVT is a common disease, which is harmful to patient health and quality of life. DVT has a poor clinical outcome and is prone to progress to PE and PTS and may result in limb loss and mortality. At present, the treatments for DVT primarily include anticoagulation, thrombolysis, surgical treatment or intervention therapy. However, to some extent, all of the above treatments are associated with bleeding, mortality, disability, thrombotic recurrence, as well as other disadvantages, which cause problems for DVT treatment. Thus, alternative treatment methods, including gene therapy, have attracted much research attention. Gene therapies for vascular diseases are still in experimental and subclinical stages (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Appropriate genes and vectors are key to gene therapy and uPA and tissue plasminogen activator (tPA) are two thrombolytic agents, which have been proposed to have potential (14) (15) (16) (17) (18) . The human body has two plasminogen activators: uPA and tPA. uPA and tPA activate plasminogen into plasmin and thereby have a thrombolytic effect. uPA was originally purified from urine. Urogenital epithelial cells are the primary producers of uPA, while uPA is not normally expressed in vascular endothelial cells (VECs). However, under culture conditions, uPA is expressed if VECs are stimulated with endotoxin or tumor necrosis factor (TNF) (22) .
The human uPA gene is located on the long arm of chromosome 10, at 10q24. The uPA gene consists of 11 exons and 10 introns with a size of 6.4 kb, which generates a mature mRNA of 2.4 kb and translates into pro-urokinase. uPA is a serine proteolytic enzyme containing 411 amino acid residues. It is a glycoprotein with a molecular weight of 50-60 kDa, constructed by two polypeptide chains bridged by a disulfide bond. uPA activates plasminogen directly without the cofactor fibrin.
Gene therapy involves introducing an exogenous gene into somatic cells using genetic engineering technology, making the cells express the corresponding protein in order to prevent or treat a disease. As a major component of the vascular wall, VECs are not only a natural barrier for the blood vessel wall, but also an important endocrine organ that synthesizes a variety of cytokines. Due to the location of VECs in the blood vessel wall, the proteins secreted by VECs not only act in local blood vessels, but also have a role in the systemic circulation. Thus, VECs are particularly important target cells (23) .
In vivo, VECs only express tPA; however, VECs have been found to synthesize and secrete tPA and uPA in vitro. Interleukin-1, TNFα, plasmin and α-tocopherol have been reported to reduce the release of tPA from VECs. Plasminogen, uPA and tPA receptors are expressed on the surface of endothelial cells and promote the activation of plasminogen. Under pathological conditions, the levels of uPA in the human body are not sufficient to prevent and treat thrombosis. Therefore, introducing the exogenous uPA gene into mammalian endothelial cells in order to produce more uPA protein with higher biological activity is of great importance for the prevention and treatment of thrombosis.
qPCR is an assay which is used to analyze gene transcription. qPCR quantitatively analyzes mRNA levels, prior to colorimetric analysis, which saves time during clinical diagnosis and treatment, particularly for predicting changes in the fibrinolytic system (24, 25) . In addition, qPCR has a real-time signal monitoring feature, which avoids the error caused by the 'platform effect'. In the present study, qPCR analysis was used to analyze uPA mRNA expression. During qPCR analysis, mRNA templates are quantitatively analyzed using the Ct method and standard curves are generated by analyzing the changes in the fluorescent signals in each cycle of the PCR reaction. The Ct value refers to the number of cycles required for the fluorescent signal in each reaction to reach the set threshold. The Ct value of each mRNA template has a linear negative correlation with its initial copy number. A standard curve is generated using a proof sample with known initial copy numbers. According to the standard curve, the initial copy numbers of the test samples can be calculated using their Ct values. The 2 -ΔΔCt method is a convenient method used to calculate the relative changes in gene expression in qPCR analysis (26) (27) (28) (29) (30) . qPCR analysis is more sensitive, simple and specific than traditional northern blot analysis. In the present study, uPA and an internal control were successfully amplified using qPCR analysis. The uPA sequences amplified spanned at least two exons in order to exclude the contamination of genomic DNA. The housekeeping gene β-actin was used as an internal control, which exhibits universal and constant expression in all tissues. Thus, it can be used to reduce the error during qPCR analysis or RNA quantitation. . uPA concentration in the supernatant of the three groups of human umbilical vein endothelial cells measured using ELISA. uPA concentration in the ad/uPa group was significantly higher than that in the ad/neg or control groups. * P<0.01 vs. ad/neg and control groups. uPA, urokinase-type plasminogen activator; ad, adenovirus; neg, negative. Figure 5 . uPA activity in the human umbilical vein endothelial cells in the three groups detected using a colorimetric assay. uPA activity was significantly higher in the ad/uPA group than that in the ad/neg or control groups. * P<0.01 vs. ad/neg and control groups. uPA, urokinase-type plasminogen activator; ad, adenovirus; neg, negative.
In the present study, HUVECs transduced with the uPA gene were observed to secrete more uPA protein than control HUVECs. uPA activity was also found to be significantly increased in the uPA-transduced HUVECs, indicating that the exogenous uPA gene is transcribed and the uPA protein is synthesized and secreted in HUVECs. An adenovirus containing the uPA gene was successfully transduced, generating HUVECs stably expressing uPA and providing a strong foundation for future research on direct or indirect uPA gene therapy in vivo. However, prior to being used in vivo, it must be verified that the uPA-adenovirus can be successfully transfected into HUVECs and has an influence on the biological characteristics of HUVECs. Whether such an exogenous gene has biological effects in vivo requires further investigation using animal experiments.
